Background: Heat-related impacts may have greater public health implications as climate change continues. It is important to appropriately characterize the relationship between heatwave and health outcomes. However, it is unclear whether a case-crossover design can be effectively used to assess the event-or episode-related health effects. This study examined the association between exposure to heatwaves and mortality and emergency hospital admissions (EHAs) from non-external causes in Brisbane, Australia, using both case-crossover and time series analyses approaches.
Introduction
Heatwaves or excessive ambient heat exposures have significant impacts on mortality and morbidity [1] [2] [3] [4] [5] [6] . For example, during the 1995 Chicago heatwave, there were over 700 excess deaths in a single day [7] . The well-known 2003 heatwaves led to 15,000 excess deaths in France alone [8, 9] , and over 70,000 deaths across Europe [10, 11] . The 2006 California heatwave resulted in an increase in morbidity which included 16,166 excess emergency department visits and 1,182 excess hospitalizations state-wide [12] . Heat-related impacts may have greater public health implications as climate change continues. It is important to appropriately characterize the relationship between heatwaves and health outcomes.
Two common epidemiologic methods have been frequently used to assess the heat-related health effects. Time series analysis has been used to investigate the health impact of time varying environmental exposures (eg, air pollution and temperature) for many years [13, 14] . Recently, a case-crossover design (introduced by MaClure in 1991) has been increasingly used to examine an association between a transient exposure (eg, temperature or air pollution) and acute health outcomes [15, 16] . This design controls for time-invariant confounders by study design itself [17] . Therefore, it has some advantages compared with commonlyused time series analysis. However, some methodological issues in the use of case-crossover analysis have attracted much research attention. For example, unidirectional case-crossover design was initially applied and the referent period was designated by specific time period(s) before the case period [18] . Recently, ambidirectional and time-stratified case-crossover analyses have been assumed as ideal approaches because unidirectional design has often produced biased results [18] [19] [20] . The previous research mainly focused on the risk assessment of time-varying exposures (eg, air pollution and temperature) using relatively long time series datasets. However, little information is available on whether these findings are applicable to the assessment of event-or episoderelated (eg, heatwave) health effects. Since time series and casecrossover methods are often viewed as two competing analytical approaches, this study examined whether these methods produced equivalent risk estimates in the assessment of the health effects of heatwaves in Brisbane, Australia.
Materials and Methods

Data collection
Brisbane, Australia's third largest city, is located in the southeast corner of the Queensland state (27u299S, 153u89E) and has a sub-tropical climate. 
Data analysis
According to the local heatwave definition (ie, daily maximum temperature higher than 37uC for two or more consecutive days) developed in the previous research [22, 23] , three heatwaves occurred (20 and 21 January 2000; 24 to 26 December 2001; 21 and 22 February 2004) during the whole study period. We examined the short-term effects of heatwaves on mortality and EHAs within three different periods, 84 days (28 days as a strata length for time-stratified case-crossover analysis), summer season (from December to February) and whole study period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) ). Spearman's correlation coefficients were used to evaluate the interrelations between air pollutants and climate variables in these three periods.
In this study, both time-series and case-crossover analyses were used to examine the heatwave effects on NEC mortality and EHAs. Poisson generalised additive model (GAM) was used to perform time series analyses on three different periods. We also used time-stratified case-crossover with a stratum length of 28 days, and matched case-control days using day of the week (one case day was matched with three control days). Because only three heatwaves were defined during the whole study period, three strata (84 days) were used for the case-crossover analysis. Heatwave days were categorised as 1, while non-heatwave days were categorised as 0. We adjusted for humidity and air pollutants (PM 10 , NO 2 and O 3 ) in these models. Additionally, lagged effects (ie, lag 0 to lag 5 and moving average of lags 0-5) were assessed using the same methods. When lagged effects of heatwaves on NEC mortality and EHAs were assessed, the same lagged effects of humidity and air pollution were controlled for. Relative risks (RRs) for time series analysis, odds ratios (ORs) for time-stratified casecrossover analysis, and 95% confidence intervals (CIs) were calculated in each model. R software (version 2.12.2) and the ''mgcv'' package were applied to fit the time series GAM and case-crossover analyses. The R codes are provided in Information S1 using an example dataset (Information S2), and results of estimation using different degree of freedom were presented in Figure S1 .
Results
There were a total of 51,233 deaths and 488,005 EHAs recorded in Brisbane during the whole study period. Table 1 shows summary statistics of climatic variables, air pollutants, Table 2 shows that maximum temperatures positively correlated with most air pollutants in all periods except for NO 2 during the whole study period. Moderate to high correlations were observed for temperature and PM 10 , NO 2 and ozone. However, humidity inversely correlated with most air pollutants in different periods, although most of these correlations were week. There were significant associations between air pollutants.
In time-stratified case-crossover analysis we used 28 days as a stratum length. Since three heatwaves occurred during the study period, therefore 84 days (ie, three strata: 3628 days) were used in data analysis. Table 3 shows the estimated odds ratios (ORs) and relative risks (RRs) for NEC mortality and EHAs during heatwave days compared with non-heatwave days during these 84 days. There was a broadly consistent and statistically significant increase in ORs or RRs for both mortality and EHAs during heatwaves. Figure 1 shows the similar results as Table 3 when both methods was used to adjust for humidity, PM 10 , NO 2 and O 3 . ORs of mortality and morbidity during heatwaves were 1.62 (95% CI: 1.36-1.94) ( Figure 1A ) and 1.22 (95% CI: 1.14-1.30) ( Figure 1B ) at lag 1, respectively. RRs of mortality and morbidity during heatwaves were 1.72 (95% CI: 1.40-2.11) ( Figure 1A ) and 1.14 (95% CI: 1.06-1.23) ( Figure 1B ) at lag 1, respectively. The risk estimates also generally alleviated after lag 1 for both mortality and EHAs. Table 4 shows the delayed effects of heatwaves on NEC mortality and EHAs for summer season and whole study period using time series models to adjust for different sets of confounders. There were also broadly consistent increased risks for both mortality and EHAs during heatwaves across different periods. The highest risk estimates were observed at lag 1 for both mortality and EHAs after adjusting for confounders. Figure 2 reveals the similar results as Table 4 when time series GAM models were used with different periods to adjust for humidity, PM 10 Figure 2B ) at lag 1, respectively. The risk estimates generally attenuated after the lag of one day for both mortality and EHAs.
Discussion
An increase in the frequency, duration and intensity of heatwaves is one of the most certain impacts of global climate change [24] , and therefore, it is important to characterise the heatrelated health risks. In this study, we found consistent and significant risks of NEC deaths and EHAs during heatwaves using both time series and case-crossover methods. For time series analyses, a similar pattern of heatwave-related risks was observed even though different periods of data were used. In general, the effect estimates using time series analyses were quite comparable to those estimated by the case-crossover method. We also found that heatwaves had acute effects on mortality and EHAs, and the highest impact usually occurred at lag 1 in Brisbane -a subtropical city in Australia.
In a recent study of the relationship between temperature and mortality among the elderly, the results from a case-crossover study design using three different approaches for the selection of referent periods were compared with those from the time-series analysis [19] . Consistent results were found by using either the time-series or time-stratified case-crossover analysis. Our findings support and extend the previous study, demonstrating that timestratified case-crossover design can also be used to estimate the event or episode-related (e.g., heatwave) health effects, and both time series and time-stratified case-crossover methods produced robust and comparable results.
Previous studies reported that increases in mortality and morbidity usually occurred within a short time frame after a heatwave [5, [25] [26] [27] [28] . For example, in the 2003 French heatwave, relative risk for mortality increased rapidly in most cities during a 4-day period from 10 to 13 August [9] . Similarly, in the Chicago heatwave, there was the highest dose-response relationship for lags of 1 and 2 days of high minimum or maximum temperatures before all-cause mortality occurred, with an RR of 1.20 (95% CI: 1.15-1.27) for high temperature on lag day 1 and an indication of a cumulative effect (RR = 1.40; 95% CI:1.30-1.51) when temperatures stayed high both on lag days 1 and 2 [15] . In our study, we also found that exposure to heatwaves at the same day, lag 1 and lags 0-5 was strongly associated with risks of mortality and EHAs. The strongest heatwave effects appeared at lag 1 and lagged effects were gradually decreased after lag 1 for both EHAs and mortality (Figures 1 and 2 ). Previous studies including our own research show an immediate impact of high temperature on the patients with cardiovascular diseases [29] , suggesting that cardiovascular deaths tend to happen quickly during hot days because their ability to cope with heat is already compromised. Several pathophysiological mechanisms may explain this. Firstly, heat stress can reduce cerebral blood velocity and markedly impair orthostatic tolerance in humans [23, 30] . Secondly, water loss and reduced plasma volume during hot days may facilitate the release of platelets into circulation and increase red and white cell counts, blood viscosity, and plasma cholesterol levels, which may be connected to the increased mortality from arterial thrombosis in hot weather [31] . Finally, results from a mice study indicate that heat stress will stimulate cells of living organisms to generate heat shock proteins which may cause systematic damages in the body [32] .
This study has three main strengths: (1) it is the first study to compare time series and case crossover analyses in the examination of heatwave effects on mortality and EHAs. Time-stratified case-crossover design is comparable to time series analysis in estimating event or episode-related health risks; (2) sophisticated statistical methods were used to assess lagged and cumulative average effects of heatwaves on both mortality and EHAs after adjustment for confounding factors; and (3) the datasets used is this study are quite comprehensive, with no missing values.
Several limitations of this study must also be acknowledged. We only focused on one city, so the results might not be generalisable to other areas. However, the approaches applied in this study can be used in further research in other areas. We only compared time series and case crossover analyses using the data on NEC mortality and EHAs. We did not use cause-specific mortality and morbidity because the number for each category was much smaller. Additionally, there might be exposure misclassification, as we used exposure data from fixed monitors rather than individual exposure data.
In conclusion, the results of this study demonstrate that both time-stratified case-crossover and time series analyses produced a similar pattern of the relationship between heatwave and health outcomes. This finding may have implications for future studies of event or episode-related health effects. 
